To confirm the nature of the donor star in the ultra-compact X-ray binary candidate 47 Tuc X9, we obtained optical spectra (3,000-10,000Å) with the Hubble Space Telescope / Space Telescope Imaging Spectrograph. We find no strong emission or absorption features in the spectrum of X9. In particular, we place 3σ upper limits on the H α and He ii λ4686 emission line equivalent widths −EW Hα 14Å and −EW Heii 9Å, respectively. This is much lower than seen for typical X-ray binaries at a similar X-ray luminosity (which, for L 2−10 keV ≈ 10 33 − 10 34 erg s −1 is typically −EW Hα ∼ 50Å). This supports our previous suggestion (by Bahramian et al.) of an H-poor donor in X9. We perform timing analysis on archival far-ultraviolet, V and I-band data to search for periodicities. In the optical bands we recover the seven-day superorbital period initially discovered in X-rays, but we do not recover the orbital period. In the far-ultraviolet we find evidence for a 27.2 min period (shorter than the 28.2 min period seen in X-rays). We find that either a neutron star or black hole could explain the observed properties of X9. We also perform binary evolution calculations, showing that the formation of an initial black hole / He-star binary early in the life of a globular cluster could evolve into a present-day system such as X9 (should the compact object in this system indeed be a black hole) via mass-transfer driven by gravitational wave radiation.
INTRODUCTION
The high interaction rates in globular clusters, especially at their centres, lead to the efficient formation of exotic binaries like accreting compact objects -cataclysmic vari-ables (white dwarfs) and X-ray binaries (neutron stars and black holes; Clark et al. 1975) . Soon after the first X-ray missions, it was recognised that X-ray transients in globular clusters were disproportionately associated with neutron stars, with no confirmed black holes (Verbunt et al. 1995) , a fact that remains true to this day (Bahramian et al. 2014 ).
In contrast, about a third of the X-ray transients in the rest of the Galaxy contain black holes (Miller-Jones et al. 2015; Tetarenko et al. 2016) . Originally it was proposed that due to mutual gravitational interactions that all black holes would have been ejected from globular clusters (Kulkarni et al. 1993; Sigurdsson & Hernquist 1993) . However, there are several recent indications that a number of black holes may still exist within clusters, based on X-ray observations of extragalactic clusters Shih et al. 2010; Brassington et al. 2010; Irwin et al. 2010; Maccarone et al. 2011) , radio/X-ray observations of Galactic clusters (Maccarone & Knigge 2007; Strader et al. 2012; Chomiuk et al. 2013; Miller-Jones et al. 2015) , as well as theoretical simulations (Sippel & Hurley 2013; Morscher et al. 2015; Peuten et al. 2016) . The reason why these black holes are so elusive could perhaps be due to the nature of the X-ray binaries they form, rather than their number. If the majority of accreting black holes in globular clusters have very low-mass, possibly degenerate, donors, they will have short, faint outbursts, making them undetectable by current and past all-sky X-ray surveys (Knevitt et al. 2014) . Indeed, the dynamics in globular clusters are thought to effectively produce ultra-compact X-ray binaries (Verbunt 1987; Deutsch et al. 1996 Deutsch et al. , 2000 Ivanova et al. 2005 Ivanova et al. , 2010 , in which a black hole or neutron star accretes matter from a H-poor donor in a system with a very short orbital period ( 1 hour; Nelson et al. 1986 ).
In globular clusters, binaries comprised of a white dwarf secondary and a neutron star or black hole primary most frequently form via exchange encounters or physical collisions (Ivanova et al. , 2010 . Once the white dwarf fills its Roche lobe, rapid mass transfer is initiated. If stable, the binary becomes an ultra-compact X-ray binary (van Haaften et al. 2012; Sengar et al. 2017) . Due to the orbit shrinking via gravitational wave emission, a neutron star accreting from a He white dwarf spends 10 7 -10 8 years as a persistent source, after which it becomes transient, undergoing occasional outbursts (van Haaften et al. 2012) . During this mass-transfer stage, mass loss from the donor leads to orbital expansion and thus a decrease in the mass-accretion rate.
A number (∼20) of confirmed and candidate ultracompact X-ray binaries have been discovered in the Galaxy (in't Zand et al. 2007 , Nelemans & Jonker 2010 . Most of these Galactic sources produce thermonuclear X-ray bursts, implying accretion on to a neutron star, and persistently accrete at greater than 1% of the Eddington luminosity. Their optical spectra lack Balmer emission or absorption features, with the most prominent emission lines being from He, C, N and O (Nelemans et al. 2004a (Nelemans et al. , 2006 Werner et al. 2006) , on top of a hot, faint continuum from a small accretion disc. In general, the C and O emission lines are faint, with an equivalent width (line to continuum ratio) −EW 4Å. In 4U 0614+091 (L 2−10 keV ≈ 10 36 erg s −1 ; Migliari et al. 2010) , however, the Bowen florescence C iii feature at λ ≈ 4650Å has −EW ≈ 10Å (Nelemans et al. 2006) . The Niii feature at λ ≈ 4515Å is similarly strong (−EW = 4 − 15Å) in four out of five ultra-compacts studied by Nelemans et al. (2006) (including three persistent sources, and one near the peak of the outburst at L X ≈ 0.01 L Edd ). The identification of these metal lines, together with an absence of Balmer lines, is an avenue for selecting new candidate ultra-compact binaries. In H-rich X-ray binaries, Fender et al. (2009) found that the equivalent width of the H α line is stronger at lower X-ray luminosities, offering a diagnostic tool for the presence of H in the disc.
So far, one strong extragalactic black hole ultracompact candidate has been found in the elliptical galaxy NGC 4472. This system exceeds the Eddington luminosity for a 10 M object , and shows a strong [Oiii] λ5007 emission complex (−EW > 34Å; Steele et al. 2014) , probably originating from an accretion-powered outflow (Zepf et al. 2008) . In comparison, the upper limit on H β emission is much fainter (−EW < 1Å; Steele et al. 2014) , pointing to a H-deficient donor, most likely a C/O white dwarf (Steele et al. 2014) .
The first Galactic candidate for an ultra-compact system with a black hole accretor is the source X9 (MillerJones et al. 2015) , in the massive globular cluster 47 Tucanae (M = (6.5 ± 0.5) × 10 5 M ; Kimmig et al. 2015) located at a distance of 4.53 ± 0.08 kpc (Bogdanov et al. 2016) , with foreground reddening E(B − V) = 0.04 ± 0.02 (Salaris et al. 2007) . Originally proposed to be a cataclysmic variable (Paresce et al. 1992; Grindlay et al. 2001 ), X9 has recently been found to be a source of strong radio emission (relative to the X-ray luminosity), making it a black hole candidate (Miller-Jones et al. 2015) . Its relatively high X-ray luminosity (L 0.5−10 keV ≈ 10 33 − 10 34 erg s −1 ), broadband FUVoptical-infrared spectrum, and C iv emission lines (Knigge et al. 2008 ) suggested a degenerate donor (Miller-Jones et al. 2015) . There is some evidence from narrowband Hubble Space Telescope (HST) colours for weak H α emission with −EW ≈ 10Å, but both the presence of H α emission and its exact EW depend strongly on the model assumed for the underlying continuum (Miller-Jones et al. 2015) . Based on X-ray timing and spectroscopy, Bahramian et al. (2017) suggested a short orbital period (P orb = 28.2 min), and identified oxygen lines (<1 keV, similar to the neutron star ultracompact 4U 1626-67; Krauss et al. 2007 ) that support the presence of a C/O white dwarf donor. The previous suggestions of periodicities (of low significance) in photometric studies with HST (P orb ≈ 6 hours; Paresce et al. 1992 , or ≈ 3.5 hours; Edmonds et al. 2003b ) are likely to be spurious (Bahramian et al. 2017) . Bahramian et al. (2017) concluded that 47 Tuc X9 might be more likely to host a black hole accretor, on account of its radio and X-ray behaviour, although we stress that the nature of the accreting object is still unknown.
In this work, we report on spectroscopic observations of X9 between 3,000 and 10,000Å with the Space Telescope Imaging Spectrograph (STIS; Woodgate et al. 1998 ) mounted on HST. Firstly, we constrain the abundance of H and He of the donor (Section 4.1), and its physical properties (Section 4.2). Secondly, we search for periodicities in the farultraviolet (FUV) and optical bands in the archival HST data previously used by Knigge et al. (2002 Knigge et al. ( , 2003 Knigge et al. ( , 2008 and Edmonds et al. (2003a,b) , to search for the orbital and superorbital modulations seen in the X-ray band, as suggested by Bahramian et al. (2017) . Based on the broadband spectral and timing results, along with the known C iv lines in the system, we attempt to constrain the nature of the accretor (Sections 4.3, 4.4, 4.5, 4.6, 4.7, 4.8) . Lastly, we calculate an evolutionary sequence for a black hole + He-star binary to examine whether it could eventually lead to an ultra-compact X-ray binary, and thus to X9 (should the accretor indeed prove to be a black hole; Section 4.9).
OBSERVATIONS & DATA ANALYSIS

Spectroscopy
We observed X9 with STIS on 16 June 2016, using the CCD detector and the 52 ×0.1 E1 slit position. The program (GO-14203) was allocated a total of four orbits, acquiring a total of five and six (for cosmic-ray rejection) low-resolution spectra (R ∼ 500) with the G430L (dispersion ∆λ = 2.73 A pixel −1 ) and G750L (∆λ = 4.92Å pixel −1 ) gratings, respectively. The observations were not dithered. After each of the G750L observations, we observed fringe flats to improve the removal of fringes (caused by interference between incident and reflected beams in the CCD) on the redward side of the spectra (Malumuth et al. 2003) . A summary of the science observations is provided in Table 1 .
We retrieved the calibrated 2-D spectra from the Mikulski Archive for Space Telescopes (MAST). These data frames were reduced with the STIS pipeline (CALSTIS v3.4), using the calibration files closest in time to the science observations. We processed these spectra using the recommended PyRAF (v2.1.14; Tody 1993) and Space Telescope Science Data Analysis System (STSDAS v3.17) tools. We recalibrated the wavelength solution using the GO-wavecal exposures, removed the fringes on each of the G750L spectra above 6000Å using their associated flat files, and merged the individual spectra of each grating into a G430L stack and a G750L stack. We extracted the two stacked spectra using the task x1d, adopting a three pixel aperture (corresponding to 0.15 ). We subtracted the background using two emission-free regions adjacent to X9. We smoothed the background in these two regions using a median boxcar filter with a 9 pixel window. We inferred the sky values at the position of X9 by taking the mean of the two background regions, and we fitted the resulting sky spectrum with a fourth order polynomial (as a function of wavelength).
The extracted spectrum still contains a relatively high number of deviant data points, which can be distinguished from line emission or absorption because their point spread function is undersampled. The presence of such data points can be explained as hot and cold pixels that could not be removed when stacking individual spectra because the observations have not been dithered. Since these deviant points have not been flagged by the x1d task as being of poor data quality, we need to remove them using a different strategy. First, we smoothed the extracted 1D spectrum by convolving it with a Gaussian with FWHM = 7 pixels. We removed from the original spectrum those data points that deviated by more than 4 standard deviations from the smoothed spectrum. Less than 1% of the data were removed in this process, and we manually checked that no emission or absorption lines found in typical X-ray binaries were removed. 
Calibration checks
To verify the quality of the calibration, we used the spectrum of a star within 0.5 pixels of the centre of the slit near X9 (J002404.30-720457.7, 0.4 NE of X9), which we extracted with a similar procedure as for X9 using the same sky regions.
To find the spectral class of the check star, we used BT-Settl model grids of theoretical spectra (Allard et al. 2012 ) with surface gravity log g = 4.5, overall metal abundance [M/H] = -0.5 and [M/H] = -1.0, and reddening E(B − V) = 0.04. We convolved these with the spectral resolution of STIS. We searched for the spectral template that best fit the observed spectrum by using a χ 2 minimization approach that left the flux normalisation and radial velocity as free parameters. For each model spectrum, we formed a grid of possible radial velocities (from -300 to 300 km s −1 in steps of 50 km s −1 ; 47 Tuc has a heliocentric radial velocity of -18 km s −1 and a central velocity dispersion of 11 km s −1 , Harris 1996) .
We found the best-matching template for the check star was a T = 6,600 K, M ≈ 0.6 M dwarf. The 3,000-8,500Å flux of such a star is consistent with the measured flux in our spectrum, thus confirming that flux calibration has been correctly performed. The spectrum at wavelengths longer than ≈ 8,500Å was systematically brighter than indicated by the spectral template (where the background dominates), so we ignored this part of our spectra in the remaining analysis of the check star and X9. A comparison of the observed check star spectrum to the template in the 3,000-8,500Å range (which covers the G430L and G750L gratings) results in χ 2 ν = 4.8, indicating that the error bars produced by CALSTIS are underestimated by a factor k ≈ χ 2 ν ≈ 2.2. The required rescaling is similar for G430L and G750L. The spectral template might be a poor match for the star, so we take the value of k = 2.2 as an upper limit to the rescaling factor. As another method of estimating the rescaling factor, we also fit power-law functions to line-free spectral regions (from visually inspecting the observed and template spectra): 4,600-4,800Å on G430L, and 6,700-8,500Å on G750L. For G430L, we find k = 1.5, and for G750L, k = 1.9. We chose to rescale the error bars by these factors. After rescaling, we measure the equivalent width of the H α line in absorption, and its radial velocity, for this check star. We find EW H α = 3 ± 1Å, and a radial velocity V r = 210 ± 150 km s −1 . We estimate a radial velocity shift of up to 100 km s −1 in this check star owing to its misaligned position in the slit, which might explain the large radial velocity estimate.
Timing analysis
To investigate the orbital (P ≈ 28 min) and superorbital (P ≈ 7 days) modulations found in the X-ray band (Bahramian et al. 2017) , we performed timing analyses on archival FUV and optical HST observations of 47 Tuc, previously reported by Knigge et al. (2008) , Gilliland et al. (2000) and Albrow et al. (2001) .
The FUV data, taken as part of a campaign to study exotic objects in 47 Tuc, were taken with the FUV-MAMA detector on the STIS spectrograph (program GO-8279). The observations were composed of six distinct epochs, with the first occurring almost a year before the other five. We only included the spectroscopic data (there are only two photometric data points per epoch), which was performed in slitless mode, and we summed the entire flux in the spectrum of X9 in each exposure. We analysed the entire data set jointly, which favours the detection of highly coherent signals. Importantly, the exposure times were typically 600s, approximately one-third of the ≈ 28 min orbital period seen in the X-rays. This will smooth out the amplitude and significance of any signal at such a short period.
The optical data, taken with the F555W and F814W filters of the Wide Field Planetary Camera 2, were obtained over a period of 8.3 days, using 160 s exposures (program GO-8267). We reanalysed the differential time series photometry reported by Albrow et al. (2001) , who refer to X9 as PC1-V47, which they classify as a variable with a 6.39 day period.
Time conversion to Barycentric Julian Dates in the Barycentric Dynamical Time standard was done using the online calculator from Eastman et al. (2010) . To search for significant periodicities in the FUV and optical datasets, we used the Generalised Lomb-Scargle algorithm (Zechmeister & Kürster 2009) , as implemented in AstroML (which accounts for heteroscedastic errors; Vanderplas et al. 2012) . We evaluated the statistical significance via randomization (i.e. keeping the magnitudes of each measurement, and shuffling their observation times); errors on the period were estimated via bootstrapping (i.e. selecting random samples from the original dataset). In both cases, 10,000 fake data sets were used. In analysing the optical data, we allowed for a σ m = 0.085 magnitude intrinsic dispersion (accounting for source variability), which brings χ 2 ν ≈ 1 for a sine wave fit to the folded light curve (with the period fixed to the most significant peak in the power spectrum).
RESULTS
Continuum
The optical spectrum of X9 is featureless and blue (Figure 1) , with the colour (B − R) = 0.3 (Vega magnitudes; obtained by convolving the spectrum through HST filter throughput curves 1 ) and F ν ∝ ν −0.2 (F λ ∝ λ −1.8 ; obtained by fitting a reddened power-law over the 3,000 to 8,500Å range). The blue colour of the source, determined from broadband data, has previously been reported in the literature (Paresce et al. 1992; Knigge et al. 2008 ), and we 1 http://www.stsci.edu/hst/acs/analysis/throughputs measure the same (B − R) value as Miller-Jones et al. (2015) from quasi-simultaneous photometric measurements taken in 2002.
Line significance
No strong lines can be readily identified in the 3,000-8,500Å spectrum of the optical counterpart of X9. We measure the colour (H α − B) = −0.3 (Vega magnitudes; obtained by convolving the spectrum through HST filter throughput curves), which is similar to that reported by Miller-Jones et al. (2015) . We have estimated the upper limits on the strongest H and He lines seen in typical X-ray binaries (Shahbaz et al. 1996) , and also on the C/N/O lines/complexes of other ultra-compacts that have been reported by Nelemans et al. (2004a) to have emission −EW > 3Å. To estimate these upper limits, we first use a power-law model, redden × pow in Xspec (v12.9.1; Arnaud 1996) to fit the continuum in a 4 × FWHM Civ (FWHM Civ = 3600 km s −1 ; see Section 4.5) window centred on a given wavelength (the central wavelengths are listed in Table 2 ), ignoring the central 1.09 × FWHM Civ (corresponding to 80% of a Gaussian line emission) to avoid line emission. Secondly, we re-add to the data set the previously ignored central window, and add to the model a Gaussian component (agauss) centred on the given wavelength, with FWHM = 3600 km s −1 . We fit the line model by fixing the continuum level, line FWHM, and central wavelength, and letting only the normalisation of the Gaussian (the total line flux) be free to vary. Using the error task, we take the upper limit for the line flux to correspond to ∆ χ 2 = 9.0 (3σ). The equivalent width of the Gaussian component is measured with the eqwidth task. No significant line emission was found. Line upper limits are reported in Table 2 . The central wavelength of a line could be offset from the assumed position by less than 1 px. The absolute wavelength calibration for STIS is accurate to within 0.2 px (Woodgate et al. 1998) , and the central velocity dispersion of 47 Tuc is 11 km s −1 , or < 0.1 px (Harris 1996) . Any line offset from the assumed centres should therefore have minimal impact on the reported EW upper limits. The FWHM of an optical line, however, could be lower than that of the Civ line. Repeating the fitting procedure by letting the FWHM free to vary between the spectral resolution of the instrument and the Civ FWHM (3600 km s −1 ), we derive similar upper limits (within 10%). This demonstrates the robustness of the EW upper limits presented in Table 2 .
Timing
Optical
We detect the seven-day period (0.14 cycles day −1 ) from Bahramian et al. (2017) with very high significance in both V and I bands (Figure 2 ). The bootstrap simulations show the period estimate is fully consistent with the X-ray-based one. The optical data spans just over one cycle of this period, so, taken alone, its persistence would be questionable. However, coupled with its detection in the X-ray band at different epochs, we consider this superorbital period to be real and stable. The semi-amplitude of the signal is ≈ 0.05 mag (i.e. 5400 5500 5600 5700 5800 Wavelength (Å) 6400 6500 6600 6700 6800 Figure 1 . Top: The smoothed optical spectrum of X9 (convolved with a Gaussian with FWHM = 7 pixels). We show only some of the error bars for clarity. Bottom: Zoomed-in regions of the non-smoothed spectrum. The vertical ticks above the spectrum indicate the wavelengths of the H α λ6564, H β λ4862 and He ii λ4687 lines (red ticks) typical of ordinary X-ray binaries, and the brightest C/N/O emission features (black ticks) in ultra-compact systems (with emission −EW > 3Å in at least one of the three systems studied by Nelemans et al. 2004a) , which may be expected in X9. No obvious emission lines are visible. The upper limits on the EW (in emission and absorption) for these lines are listed in Table 2 . about 5% of flux). Thus, in the optical band, this sevenday modulation has an amplitude two orders of magnitude smaller than the corresponding X-ray signal (which has a semi-amplitude of a factor of about three).
Unfortunately, due to the long stretch of time between the optical observations (July 1999) and the X-ray observations when the superorbital phase was well known (Jan 2006; Bahramian et al. 2017) , we cannot determine if the optical and X-ray modulations vary in phase with each other.
We also detect significant peaks at ≈ 15 and ≈ 30 cycles day −1 . The former are most likely associated with HST's orbit (≈ 96 min), and the latter are probably associated with its first harmonic. The signal that Edmonds et al. (2003b) tentatively mentioned in their paper corresponds to the peak near 6 cycles day −1 (i.e. ≈ 4 hours). However, this has low significance (false alarm probability p > 0.1) in the V-band power spectrum and is almost absent in the I-band data. In addition, we do not find evidence for power around 28.2 min in either band. The 3σ upper limits (in the V and I bands) for this signal have semi-amplitudes of < 0.025 mag (2% of the flux). No signal at half that period (as expected for ellipsoidal variations) is detected either.
FUV
The strongest peak in the FUV power spectrum occurs at a frequency of 53 cycles day −1 , i.e. 27.2 min (false alarm probability p < 0.05; Figure 3 ). The second strongest peak in the power spectrum (28 cycles day −1 ) may not be caused by any aliases of the orbital period of X9 or of HST. It is possible that this weaker signal is partly responsible for the flickering observed in individual FUV epochs, and may be drowning out the orbital signal of X9. The light curve phased on the 27.2 min period shows a smooth varying signal (similar to the orbital modulation in X-rays), with a semi-amplitude of about 5%. We consider this a lower limit, since the long exposure times imply that a significant part of the true signal in each exposure has been averaged. All individual epochs show the same signal in the folded light curve, showing the detected periodicity cannot be associated with variability between the epochs. If the FUV signal is real, the discrepancy between the FUV and X-ray periods is significant. Of the 10,000 bootstrap simulations, only ≈ 0.1% return a peak frequency in the range 28.18 ± 0.02 min, determined from X-ray observations. Even though this 27.2 min signal is only significant at the 2σ level, we further investigate it in subsequent discussions (Sections 4.7, 4.8) due to its proximity to the X-ray signal.
DISCUSSION
Comparison with other systems
H α EW vs X-ray luminosity
The trend between the EW of the H α line in emission and the X-ray luminosity of X-ray binaries reported by Fender et al. (2009) can be used to estimate the expected EW of the H α line for X9. Taking into account the X-ray variability of X9 (L X = 10 33 − 10 34 erg s −1 ; Bahramian et al. 2017) , we would expect −EW H α ∼ 50Å (Figure 4 ). However, we found −EW H α < 14Å (3σ upper limit). The large scatter ( 1 dex) of EW H α measurements for a given L X in the well-sampled L X = 10 30 − 10 32 erg s −1 and L X = 10 35 − 10 39 erg s −1 ranges suggests a similar scatter may be expected in the range L X = 10 32 −10 34 erg s −1 (which only contains five EW H α measurements). Still, our upper limit on the H α line strengthens the case for a H-deficient system, and thus for a C/O white dwarf donor.
Optical spectral index
We compare the optical spectrum of X9 with the spectra of other ultra-compact candidates: 4U 0614+091, XTE J0929-314, 4U 1626 -67, XB 1916 -05 (Nelemans et al. 2006 ), 2S 0918-549 and 4U 1543 -624 (Nelemans et al. 2004a ). The spectral indices (F ν ∝ ν α ) in these sources are α = −1 to 0. For X9, we measure a similarly blue continuum, with α = −0.2. Most emission lines in these systems are faint (−EW < 10Å). In particular, the strongest emission line in the optical spectrum of 2S 0918-549 is C ii λ6785 with Gilliland et al. (2000) . Top: normalised light curve showing the sine-wave signal (black curve) retrieved from the power spectrum and folded light curve. Middle: power spectrum (horizontal dotted line indicating the false alarm probability p = 0.01). The most significant peak (P = 0.14 cycles day −1 = 7 days) coincides with the superorbital period reported by Bahramian et al. (2017) , while the peaks at ≈ 15 and ≈ 30 cycles day −1 are likely to be associated with the orbital period of the HST and its first harmonic. No orbital modulation (P = 51 cycles day −1 ) is detected in this dataset. Bottom: the light curve folded on the most significant period, revealing a superorbital modulation with a semi-amplitude of 5%. The timing analysis on the V -band data gives similar results.
−EW ≈ 4Å), indicating that a lack of bright optical emission lines (−EW 10Å) in ultra-compact X-ray binaries may be a common occurrence. In 4U 0614+091, however, the C iii feature at λ ≈ 4648Å has −EW ≈ 10Å, which, if present, would have been marginally detected in X9.
Nature of donor
The lack of H and He in the optical spectrum reported in this work, coupled with the C iv λλ1548, 1550 emission and lack of He ii λ1640 in the FUV spectrum (Knigge et al. 2008) , and the detection of oxygen features in the soft X-ray spectra (Bahramian et al. 2017) , indicate the donor is likely a C/O white dwarf.
In Figure 5 we show the mass-radius relationship for degenerate stars of C and O composition based on the equation of state derived by Deloye & Bildsten (2003) , together with the mass-radius relationship for a Roche-lobe-filling companion to both a neutron star and black hole, using the Eggleton (1983) relation. A M 2 ≈ 0.01 M C/O white dwarf donor in an X-ray binary is likely to have a core temperature in the range T core = 10 5 −10 6 K (Bildsten 2002; Nelson & Rappaport 2003) . For an orbital period of 28.2 minutes, the mass and radius of a C/O white dwarf are likely to lie between M 2 = 0.010 M , R 2 = 0.032 R (for a cool, T core = 10 4 K O white dwarf), and M 2 = 0.016 M , R 2 = 0.037 R (for a X-ray binaries X9 Figure 4 . The empirical relationship between the H α EW and X-ray luminosity for X-ray binaries (including black holes and neutron stars) from Fender et al. (2009) . The upper limit on the H α emission in X9 is lower than the emission seen from typical X-ray binaries at a similar X-ray luminosity, as expected for a H-poor donor.
hot, T core = 3 × 10 6 K white dwarf), with a weak dependence on the mass of the primary (for M 2 M 1 and a given orbital period, the density of the secondary is approximately constant; Eggleton 1983). The Roche lobe of the secondary can accommodate a smaller and lighter donor if it contains a significant presence of Ne or Mg.
Since we do not see evidence of emission from the surface of the donor (no absorption lines, and X9 flickers across all wavelengths), we can also estimate the upper limit on the effective temperature of the white dwarf donor when we know its size. For this purpose, we overlay the template spectrum of a carbon white dwarf (log g = 8, T = 22, 000 K; Dufour et al. 2008 ), scaled to a radius R 2 = 0.035 R and distance D = 4.53 kpc, over the UV-optical spectrum of X9 ( Figure 6 ). We found that the donor in X9 likely has an extremely low mass. Using M 2 ≈ 0.013 M (the middle value of the allowed range), results in a surface gravity log g = 5.5. This surface gravity is almost three orders of magnitude lower than that of the template white dwarf spectrum, and X9 contains additional atomic species (in particular oxygen). Thus, the template spectrum we have used should not be taken as a quantitative match to the donor in X9. We also overlay a black body spectrum with the same parameters for comparison. We find that the donor cannot be much hotter than T = 22, 000 K, since otherwise it would start diluting the flickering activity seen in the FUV and optical bands.
Mass accretion rate
Next, we investigate whether the mass accretion rate inferred from the X-ray luminosity is compatible with the the- . Model spectrum for a carbon-atmosphere white dwarf of T = 22, 000 K (Dufour et al. 2008 ), scaled to R 2 = 0.035R and D = 4.53 kpc, compared with the spectrum of X9. The donor in X9 is likely to be cooler than T ≈ 22, 000 K, otherwise it would start dominating the broadband spectrum of X9 in the UV.
oretical prediction of mass transfer driven by gravitational wave radiation in the cases of a neutron star or black hole. The conversion of mass to radiation is determined by the radiative efficiency (η), such that L bol = η Mc 2 . For black holes, we assume η = 0.1 in the soft state (independent of mass accretion rate), and η ∝ M in the hard state and quiescence, with a continuous transition between the two regimes (Narayan & McClintock 2008) . For neutron stars, we assume η = 0.1 regardless of mass transfer rate or spectral state (the innermost stable circular orbit for a neutron star is similar in size to its radius). The hard-to-soft transitions of X-ray binaries (neutron stars and black holes) occur at Eddington ratios L bol,tr /L Edd = 0.004 − 0.25, with an average of L bol,tr /L Edd = 0.02 (Maccarone 2003; Kalemci et al. 2013 ). We therefore adopt L bol,tr /L Edd = 0.02 for X9, which could be uncertain by an an order of magnitude. The bolometric luminosity is then given by:
Bahramian et al. (2017) found the 0.5-10 keV luminosity of X9 to vary in the range L X = (2 − 7) × 10 33 erg s −1 on the seven-day period. Assuming a cut-off power-law for the X-ray spectrum, with Γ = 1.1 and E fold = 50 keV (Bahramian et al. 2017) , the bolometric correction for X9 is L 0.5−10 keV /L 0.5−200 keV = 0.13. Therefore, its bolometric (0.5-200 keV) luminosity varies between L bol = (15 − 54) × 10 33 erg s −1 , owing to the seven-day superorbital modulation (Bahramian et al. 2017) . Using Equation 1, for a black hole (assuming a typical mass et al. 2010) this range corresponds to a radiative efficiency η BH = (3 − 5) × 10 −3 and a mass accretion rate through the disc M BH = (9 − 18) × 10 −11 M yr −1 . If X9 instead hosts a neutron star (M 1 = 1.4 M , R 1 = 10 km), the accretion rate ranges between M NS = (0.3 − 1.0) × 10 −11 M yr −1 . Note that these values assume the luminosity variations are due to variations in mass accretion rate. If instead the variability is caused by geometric effects, the mass accretion rates derived above are lower limits only. The mass transfer rate for conservative mass transfer driven by gravitational wave radiation is given by Landau & Lifshitz (1975) , Verbunt (1993) :
where n R describes the change of the donor's radius as its mass changes, and J and J are the angular momentum of the system and the angular momentum loss rate respectively, given by Peters (1964) :
where a is the orbital separation; a BH = 4.3 × 10 10 cm or a NS = 2.4 × 10 10 cm using Kepler's third law for a 28.2 min orbital period. For a C/O white dwarf donor of mass M 2 = 0.010−0.016 M , |n R | < 0.1 (Deloye & Bildsten 2003) , making it negligible in Equation 2. For a black hole primary (M 1 = 8 M ), M 2,BH = (5−11)×10 −11 M yr −1 (with higher rate for a more massive donor). For a neutron star, we obtain a mass transfer rate in the range M 2,NS = (1 − 4) × 10 −11 M yr −1 . We stress these estimates are based on the assumption of conservative mass transfer. If X9 is a transient system in quiescence, the mass lost by the donor should be larger than the rate of mass transfer reaching the primary (| M 2 | > M), such that matter accumulates in the disc. The mean mass accretion rates estimated above from the X-ray luminosity and conservative mass transfer are compatible both with a neutron star or black hole.
Source of optical emission
The sources of optical/UV continuum and line (C iv) emission could originate from the accretion disc (viscous dissipation or X-ray reprocessing), the impact point of the accretion stream on the disc, the donor star (intrinsic or reprocessed spectrum), and/or the optically-thin part of the jet. The corona, base of the jet, or an inner advection-dominated accretion flow (ADAF) might also contribute UV-blue photons. It is thought, however, that the optical emission (disregarding the companion star) in X-ray binaries is most often dominated by X-ray reprocessing in the disc (Vrtilek et al. 1990; Russell et al. 2006; Bernardini et al. 2016 ).
Before we investigate the likely scenario of disc irradiation, we discuss the other potential sources of optical emission. In the absence of outflows, an ADAF is expected to have a sharp peak at ν peak ∼ 10 15 (M/M ) Hz (Narayan & Yi 1994; Quataert & Narayan 1999 ). Since we do not observe such a peak in the optical/UV spectrum (Figure 8 ), an ADAF is unlikely to be dominating in these bands. The radio flux density of X9 is at the level of S ν ≈ 30 µJy (Miller-Jones et al. 2015; Bahramian et al. 2017) . Assuming a flat radio spectrum, this corresponds to ∼ 50% of the measured optical flux, so it is possible that the jet could contribute to the optical emission. The jet in the hard state, however, is thought to turn over at frequencies lower than ν break 10 14 Hz ≈ 10 4Å (Russell et al. 2013) , making it unlikely to dominate the optical emission, especially towards bluer wavelengths. The jet could, however, contribute on the red side of the spectrum.
The maximum luminosity that may be reached by the stream-impact point is estimated as the release of gravitational energy as matter falls from the first Lagrangian point (R L1 ) to the minimum impact radius on the disc (half the circularization radius, R circ ) (Menou & McClintock 2001) :
Using the formulations for R circ from Verbunt & Rappaport (1988, their Equation 13 ) and for R L1 from van Haaften et al. (2012, their Equation C.3) , and taking M 1 = 8 M , M = 10 −10 M (the maximum allowed from gravitational wave radiation for M 2 = 0.016 M ), the maximum streamimpact luminosity is L impact < 3 × 10 32 erg s −1 . This value is a factor of ∼3 lower than the mean monochromatic optical/FUV luminosity (L = λF λ ≈ 1 × 10 33 erg s −1 ), meaning that it is unlikely to be produced at the impact point. The bulk of the disc and possibly the jet are most likely the sources of optical emission in X9. Next, we explore how bright the reprocessed emission in X9 should be, by comparing X9 to sources where reprocessing is known to occur.
Disc irradiation
In their optical/X-ray correlation study, Bernardini et al. (2016) focused on the black hole and neutron star X-ray binaries V404 Cyg and Cen X-4. They found that the correlations between the total optical (R or V band) and X-ray (3-9 keV) luminosities in the two systems have different correlation indices and normalisations, V404 Cyg being more optically bright than Cen X-4 at the same X-ray luminosity. However, when only the reprocessed optical and bolometric X-ray flux (0.5-200 keV) are considered, the two sources have virtually indistinguishable optical/X-ray correlations in outburst and quiescence. This suggests the optical/X-ray correlation for reprocessed X-rays could be universal across neutron stars and black holes with different mass ratios.
To compare X9 with V404 Cyg and Cen X-4, we follow the steps laid out by Bernardini et al. (2016) , and calculate the 0.5-200 keV luminosity and normalise the optical flux to that of Cen X-4. Since there is no soft X-ray component reminiscent of emission from the surface of a neutron star, we do not subtract any surface contribution from the X-ray luminosity. Because the inclination of X9 is poorly constrained (i 30 • ; see Section 4.7), but comparable to V404 Cyg (i = 67 •+3 −1 ; Khargharia et al. 2010) and Cen X-4 (32 •+8 −2 ; Shahbaz et al. 2014), we do not correct for inclination effects.
The reprocessed emission from the accretion disc depends on its size (and hence on the orbital period and the mass of the primary, via Kepler's third law). Therefore, to make an effective comparison, the optical luminosity of X9 (L opt ≈ 6 × 10 32 erg s −1 , calculated from the V-band flux) needs to be normalised to that of Cen X-4 accounting for its mass and orbital period using Paradijs & McClintock 1994; Bernardini et al. 2016) . Moreover, one must also take into account the bolometric luminosity (which irradiates the disc). Taking the mass to be either 1.4M or 8M , we find the normalised optical monochromatic luminosities to be L opt ≈ 3.2 × 10 33 erg s −1 and L opt ≈ 1.8 × 10 33 erg s −1 for a neutron star and black hole respectively. The normalised optical luminosity is a factor of three (for a black hole) to six (for a neutron star) larger than those of V404 Cyg and Cen X-4 at similar bolometric luminosities (L opt ≈ 5 × 10 32 erg s −1 ; Figure 7 ), suggesting the disc reprocesses more of the irradiating X-ray flux (if the disc has a lower albedo, or a larger aspect ratio H/R than typical X-ray binaries), or the jet contributes significantly in the optical band.
In typical X-ray binaries, it is usually assumed the albedo of the disc to grazing X-rays is A 0.9 (de Jong et al. 1996) , where the albedo determines what fraction of the incident X-rays is reprocessed to optical emission (L repro ∝ (1 − A)). As O-rich gas effectively absorbs Xrays, the effective albedo of the disc could be lower than that of Cen X-4. Still, the reflection signatures in the Xray spectrum of X9 (Bahramian et al. 2017) show the disc albedo is significant, and we expect a value in the range of A X9 = (0.1 − 1.0) × A CenX−4 , implying the reprocessed optical emission in X9 would have been a factor of 10 fainter if it had solar metallicity. As long as the inclination of the system i 70 • (when emission from the heated face of the disc dominates over emission from the edge of the disc), the minimum fractional disc contribution to the optical light is 1/6 for a neutron star, and 1/3 for a black hole (Figure 7) , but a low albedo can account for 100% of optical emission as originating from the irradiated disc. The optical emission from the disc in a high inclination (i 70 • ) system could appear fainter (< 1/6 contribution) because only its edge would be visible (as a black body). In such a case, the jet would need to contribute significantly to the optical emission. Next, we fit the spectral energy distribution for X9 to further constrain the relative contributions of the jet and disc. Table 3 . Parameters for the best fits to the broadband spectrum, using three different models. R 1,2 and T 1,2 are the projected sizes of the black body components and their respective temperatures. For diskir, T 1 is the temperature at the inner truncation radius R 1 . In all cases, R 2 is the radius of the outer edge of the disc. α is the spectral index of the optically thick jet emission. For each fit, we show the χ 2 statistic of the fit and the degrees of freedom (ndf) for the optical range only. We compare the size of the disc from these models, R d,model = R 2 /(cos i) 1/2 (assuming i = 60 • ) with the theoretical disc size for a neutron star and a black hole (for a disc that extends out to 90% of the primary's Roche lobe; van Haaften et al. 2012 ).
Parameter pow + bbody 2× bbody diskir
0.16 ± 0.04 1.2 ± 0.4 2.6 ± 0.6
Broadband spectra
Following Gallo et al. (2007) , we start by fitting two different physically motivated Xspec models to the broadband spectrum: a broken power-law and a black body (to represent the jet and disc, respectively), and a double black body (to represent the outer disc and the inner accretion flow).
In addition, we also fit an irradiated disc model. The model parameters are listed in Table 3 . For the broken power-law + black body model, we fix the spectral index of the optically-thin part of the jet to α = −0.8 (Gallo et al. 2007 ). We find the projected size of the disc is only R d,model = 3 × 10 9 cm (compared to the expected R d,NS = 24 × 10 9 cm for a neutron star and a disc filling up 90% of its Roche lobe). While the emission in the optical band is mostly dominated by the jet, the projected size of the black body component requires an edge-on system.
In the double black body model, the size of the large, cool component (R 2 ≈ 2.5×10 10 cm) identified with the outer disc indicates either a face-on disc around a neutron star, or a black hole seen at intermediate inclination angles. The small, hot component could be the viscously-heated inner disc, an ADAF, the base of the jet, or the disk/stream impact point. Both of these simple fits show that both a neutron star and black hole are compatible with the observed broadband spectrum.
Assuming the optical emission in X9 originates from Xray reprocessing alone, we can fit an irradiated disc model (diskir; Gierliński et al. 2008) to the 3,000-8,500Å spectrum reported in this work, assuming a 1-10 keV powerlaw (Γ = 1.1) X-ray spectrum with a luminosity L 1−10 keV = 10 34 erg s −1 representing the unobscured corona. We do not include the broadband optical and FUV measurements reported by Knigge et al. (2008) because they have not been taken simultaneously with our data, and variability (especially in the FUV band) might compromise the fit.
We fix the radius of the Compton-illuminated disc r irr = 1.2 (relative to the inner disc radius), the electron temperature kT e = 100 keV, and the fraction of luminosity in the Compton tail that is thermalised in the inner disc f in = 0.1.
These values have been chosen as typical for X-ray binaries in the hard state (Poutanen et al. 1997 ). In addition, we fix the temperature of the inner disc T in = 0.015 keV, chosen so that the soft X-ray emission from the inner disc does not become visible in the X-rays.
We find the irradiated disc model to be a good representation of the observed broadband spectrum. Repeating the fit with different values of kT e and T in does not change these results significantly. We find that for an inclination angle i = 60 • , the data are best described by a disc extending out to R d = (8±2)×10 10 cm, or factors of R d,model /R d,NS = 4.9±1.2 and R d,model /R d,BH = 2.3 ± 0.5 times larger than expected for a neutron star or black hole respectively. An explanation for this discrepancy is the inclination angle. For a face-on system, the parameters of best fit would correspond to disc
In this case, a neutron star is disfavoured, but a black hole is compatible, as long as i 30 • .
In summary, we find that the optical emission can originate from the following sources: a jet and a disc (i ≈ 90 • , regardless of the nature of the primary), a disc and an inner accretion flow (i 30 • for a neutron star, or i ≈ 60 • for a black hole), or X-ray reprocessing by the disc (only for a i 30 • black hole).
C iv emission
We have found the optical spectrum of X9 to be featureless. In the FUV, however, Knigge et al. (2008) have unambiguously detected C iv emission. Because of its double-peaked profile, they attributed it to a rotating medium, possibly the accretion disc or disc wind. Absorption towards the system (intrinsic or extrinsic), however, could result in a similar shape of the profile. For example, Homer et al. (2002) have attributed the double-peaked profile of the C iv doublet in the carbon-rich ultra-compact X-ray binary 4U 1626-67 to absorption near the line centres, superposed on the emission line. The lack of absorption lines in the FUV spectrum of X9, in contrast to their presence in 4U 1626-67 (Homer et al. 2002) , shows that the double-peaked nature of the lines is more readily explained by a rotating medium in X9.
The FWHM of the C iv doublet and the orbital period can be used to estimate the mass of the primary object by using the FWHM -K 2 (where K 2 is the projected velocity amplitude of the donor; Casares 2015) and the DP/FWHMq (where DP is the double-peak separation; Casares 2016) relations. Following the same procedure as Casares (2015) and Casares (2016) , we fit the C iv doublet with two symmetrical Gaussians (one for each line in the doublet) to measure its FWHM, and with 2 × 2 symmetrical Gaussians to measure the double-peak separation. We find FWHM = 3600 ± 140 km s −1 , and DP = 2070 ± 70 km s −1 (Figure 9 ). We note the reason behind the poor fit ( χ ν = 1.50) in Figure 9 is forcing the two peaks to have the same normalization, to follow the same procedure as Casares (2016) . Leaving the relative intensities of the blue and red peaks free to vary leads to a statistically better fit ( χ ν = 1.13), but to a similar value DP = 2190 ± 60 km s −1 . Changing the relative intensities within the doublet to the theoretical ratio I λ1548 /I λ1550 = 2:1 (Flower et al. 1982) does not change the FWHM and DP significantly. nary orbits, we assume the measured C iv profile is representative of the average emission in the system. We do not correct the FWHM for the instrumental resolution because of its small value (∆λ = 1.2Å).
Compared to the H α line in quiescent X-ray binaries, the FWHM of the C iv doublet in X9 is one of the highest observed (Casares 2015) . The FWHM of the C iv doublet lies in the tentatively defined forbidden region for cataclysmic variables (FWHM H α 2600 km s −1 ; Casares 2015), further strengthening the evidence against such an object. Because the C iv doublet has higher energy than the H α line, the former might originate from closer in to the primary object in an X-ray binary, where the disc is hotter. In contrast to this idea, the FUV and optical spectra (albeit non-simultaneous) of A0620-00 in quiescence show that the emission features of C iv and H α have similar FWHM (≈ 2000 km s −1 ; Marsh et al. 1994; Froning et al. 2011) . Even in outburst, the optical spectrum of the black hole X-ray binary MAXI J1659-152 includes many emission lines between 3,000-10,000Å with similar FWHM = 1500 − 2000 km s −1 (Kaur et al. 2012) , indicating that at a given luminosity, emission lines likely originate from similar characteristic radii, regardless of their species. It is unknown, however, if the relationships of Casares (2015) and Casares (2016) hold for the extreme mass ratios in ultra-compact X-ray binaries because the sample of Casares (2015) includes only H-rich X-ray binaries with orbital periods longer than P orb = 0.17 days.
The accreting neutron star 4U 1626-67 is a good candidate for testing if the Casares relations hold for the C iv line in ultra-compacts. It has strong C iv emission (Homer et al. 2002) , a short orbital period (41 min; Middleditch et al. 1981 ) and a low-mass donor (M 2 ≈ 0.02 M ), seen at an inclination angle i 33 • ; Verbunt et al. 1990; Chakrabarty 1998) . In this source, the C iv FWHM ≈ 1500 km s −1 . Using K 2 = (0.233 ± 0.013) × FWHM (Casares 2015), we predict K 2 ≈ 350 km s −1 . Using the primary mass function, f (M 1 ) = P orb K 3 2 /2πG = M 1 sin 3 i/(1 + q) 2 , we find a primary mass M 1 0.8 M , which is compatible with the canonical mass for a neutron star (M 1 = 1.4 M ). While this value supports the same FWHM-K 2 relationship for the C iv line in ultra-compacts as the H α line in typical X-ray binaries, we cannot be confident about this interpretation because of the poorly known inclination angle for 4U 1626-67, and the lack of other test sources.
Applied to X9, we predict K 2 = 850±60 km s −1 using the FWHM-K 2 relation. Similarly, we can use the empiricallyfound ratio between the outer disc velocity (K d ) and the orbital velocity of the donor star (K 2 ) to reach a similar conclusion. This approach has previously been used to constrain the nature of the X-ray transient Swift J1357.2-0933 as a black hole (Corral-Santana et al. 2013 ). This ratio has been found to lie in the range K d /K 2 = 1.1 − 1.2 (Orosz et al. 1994 ). Estimating K 2 based on DP is also more suitable than the FWHM-based method in the case of edge-on systems, where all of the line emission comes from the outer disc. In X9, DP = 2070 ± 70 km s −1 implies K 2 = K d /1.15 = (DP/2)/1.15 = 900 ± 30 km s −1 . Both methods (FWHM-K 2 and DP-K 2 ) give similar K 2 values. The mass function implies a minimum primary mass M 1 ≥ 1 M (for an edge-on system, i = 90 • , and a negligible donor mass), compatible with both a neutron star and a black hole. Alternatively, comparing the mass ratio and DP/FWHM in X9 with those of other X-ray binaries, we find that a neutron star is a slightly better fit than a black hole (Figure 10 ). The low DP/FWHM values in X9 could be explained by double peaks that originate further out in the Roche lobe than assumed for other X-ray binaries; in quiescent ultra-compact X-ray binaries, the outer disc is likely to truncate at a larger radius relative to the Roche lobe (van Haaften et al. 2012 ).
The C iv emission could alternatively originate from the bright spot at the outer edge of the disc. The line luminosity emitted by the C iv doublet is L Civ ≈ 6 × 10 30 erg s −1 . In addition, the predicted luminosity of the stream/disc impact point was L impact < 3 × 10 32 erg s −1 (Section 4.4), a factor of 50 larger than the line luminosity, so it is also possible for the C iv emission to originate from there as well.
For an inclination angle i 30 • (Section 4.7), we restrict the primary mass to the range M 1 10 M . The threshold inclination angle (for M 1 = 3 M , between a neutron star and a black hole) is i ≈ 50 • . We highlight that these estimates Knigge et al. 2008 , and optical data from this work, displayed as broadband fluxes calculated from our spectrum, X-ray data from Bahramian et al. 2017) , with superimposed models. For fitting the models, we only used the optical spectroscopic data from this work. In the power-law + black body model, we also included the radio data in the fit, and for the diskir model we assumed a 1-10 keV power-law spectrum (Γ = 1.1), with L 1−10 keV = 10 34 erg s −1 , representing the likely intrinsic X-ray luminosity of X9 (see Section 4.8), which is brighter than the apparent luminosity. Left: a broken power-law + black body, where the jet dominates up to the optical band; middle: two black bodies, with emission from a large, cool disc, and a small, hot inner disc or stream/disc impact point; right: an irradiated disc. Bottom: The same spectrum and models, zoomed-in on the optical data.
are based on the assumption that there is no C iv absorption, the double-peaked C iv emission is due to motion of the accretion disc, and that it originates from the same characteristic radius as the H α line in typical X-ray binaries. The mass and inclination angle estimates presented above could therefore be subject to large systematic errors, and should therefore only be used as rough guides. In summary, the C iv emission suggests i 50 • for a neutron star, or i 50 • for a black hole. Using these results to constrain the model predictions from Section 4.4.2, we find the optical emission in a neutron star to most likely come both from the jet and disc. For a black hole, the emission would come from X-ray reprocessing in the disc.
X-ray spectrum
One of the peculiarities of this source is that its X-ray spectrum is considerably harder than the spectra of other X-ray binaries with either a black hole or neutron star primary, at similar X-ray luminosities. This may, in fact, be a natural consequence of the abundances of the accreted material, and if this is the case, there are important implications for the likelihood that the accretor is a black hole, and for understanding emission mechanisms from accreting black holes at low accretion rates.
In the context of ADAF models (Narayan & Yi 1995) , there are three major processes that can contribute to the X-ray emission: synchrotron emission, inverse compton emission, and bremsstrahlung emission. The seed photons for the Figure 9 . The C iv λλ1549, 1551 doublet in X9, fit with two sets of two symmetrical Gaussian line profiles added to the local continuum. Each model component is displayed with a dotted line, and the total model is shown in the full line.
Compton scattering may be the synchrotron photons, the bremsstrahlung photons, or, in the case of neutron star accretors, the photons produced in the boundary layer where the excess energy carried by the flow is dissipated near the surface of the neutron star. Ordinarily, the bremsstrahlung emission dominates only in the very outer parts of the emission region. In an ultra-compact binary, however, the . Mass ratio (q) versus DP/FWHM of the C iv doublet of X9, compared with the H α line for the low-mass X-ray binary (LMXB) sample of Casares (2016) . The X9 data are consistent with the system hosting either a neutron star or a black hole, but the signal to noise ratio of the C iv doublet in X9 is too low to distinguish between the two scenarios.
bremsstrahlung emission should become considerably more important, since bremsstrahlung emissivity scales as Z 2 , where Z is the charge per nucleus. The bremsstrahlung emission in a system with a C/O white dwarf mass donor should be ∼ 50 times more important than in a system with a H donor. Systems with He white dwarf donor stars should have intermediate properties.
A full treatment of this effect is well beyond the scope of this paper, but we can examine Figures 6 & 7 of Narayan & Yi (1995) to obtain some intuition about how important the effect is likely to be. In their Figure 6 (b), it is clear that, for neutron stars, the Compton emission dominates heavily over bremsstrahlung across the range of radii where nearly all the emission is produced. Therefore, if we assume that the reason for the hard X-ray spectrum is the relative importance of bremsstrahlung emission, a neutron star accretor is disfavoured. Indeed, neutron star ultra-compact systems have X-ray spectra as soft as those seen in other neutron star systems (e.g. for the persistent C/O-rich 2S 0918-549 and 4U 0614+091, Γ ≈ 2.1; in't Zand et al. 2005 , and Γ ≈ 2.2; Migliari et al. 2010, respectively) . There is no other obvious mechanism, either, for getting an especially hard X-ray spectrum from an accretion disk corona (ADC) source. For black hole accretors, on the other hand, Figure 6 (a) of Narayan & Yi (1995) shows that, at the critical accretion rate, the bremsstrahlung emission is a factor of about 100 below the synchrotron level at the inner edge of the accretion disc, and falls off much more slowly with distance from the black hole. Furthermore, from their Figure 7 , we see that, as the accretion rate drops, the crossover radius between bremsstrahlung and synchrotron / synchrotron self-Compton emission moves inwards.
We propose that the harder X-ray spectrum of X9 relative to other low-accretion-rate systems is due to its C/O-dominated chemical composition, which boosts the bremsstrahlung component of the X-ray emission in the case of a black hole accretor. If so, high X-ray spectral hardness will be a key selection criterion to discovering more such objects in large surveys. A more detailed modelling of how the bremsstrahlung / synchrotron ratio changes with metallicity and nature of the primary is a promising avenue to uncover if X9 is a neutron star or black hole.
Origin of orbital modulations
In the X-ray timing analysis of X9, Bahramian et al. (2017) suggested an orbital period of 28.2 minutes. This orbital modulation is characterised by long (∼ 30% of the orbit) and shallow drops in the X-ray light curve (≈ 15% of flux), while the 27.2 min FUV signal is shallower (≈ 5% of flux).
In X-rays, orbital modulations can arise from the obscuration of the X-ray source, the reflection of X-rays by the companion star, or from changes in the mass accretion rate. Obscuration can be provided by cold clouds in the disc, a flared or warped disc, the stream/disc impact point (X-ray dips), or by the donor star (total or partial eclipses). Since the donor is too small to be obscuring the X-ray source (as already noted in Bahramian et al. 2017 ), the alternative is that X9 is similar to an X-ray dipper, where clumps in the disc are blocking a fraction of the X-rays. Indeed, periodic X-ray dips reflective of the binary period have been observed in a number of high-inclination X-ray binaries such as XB 1916-053 (White & Swank 1982) . Such dips are produced by a bulge in the disc from the collision of the accretion stream with the disc, and can appear at the outer disc edge (White & Holt 1982) , at the circularization radius (Frank et al. 1987) , or between the circularization radius and outer disc (Armitage & Livio 1996) . Regardless of where these impact bulges are located in the disc, they are stationary in the binary frame. Such bulges can stretch over a large fraction of the disc, potentially explaining the large fraction of the orbital period X9 spends in partial obscuration. An inner warped disk, which is likely in a dynamically-formed system where the spin of the primary is misaligned with respect to the orbital plane, could potentially supply the required obscuration even in more face-on configurations.
The modulation could also potentially arise from X-rays reflected off the donor. If the primary is a neutron star (M 1 = 1.4 M ), then a = 0.34 R . For a radius R 2 = 0.04 R , the donor occupies f = 1/4 (R 2 /a) 2 ≈ 0.3% of the sky as seen from the primary, meaning that up to 0.3% of the X-ray flux is reflected by the donor (less in the case of a heavier primary). The source of the orbital modulation (in X-rays) is therefore unlikely to be associated with reflection from the donor. The last possibility is that the orbital modulations are caused by an oscillating mass accretion rate. Zdziarski et al. (2009) found this to be unlikely in low-mass X-ray binaries because the viscous time-scale of the disc is much longer than the orbital period, dampening any variations in the mass accretion at the edge of the disc. We therefore conclude the orbital modulation in the X-ray band is most likely caused by obscuring material in the disc. Next, we attempt to constrain the inclination angle of the system.
For a donor of mass M 2 = 0.013 M , the lack of X-ray eclipses in X9 restricts the inclination angle to i 85 • (assuming a point source for the X-ray emission, and a disc much thinner than the size of the donor; Frank et al. 1987) . Alternatively, the disc could fully shadow the donor star (a viable option for a disc opening angle θ 5 • ; Section 4.8), or the signal to noise ratio of the phased X-ray orbital mod-ulation might be too low to show eclipses, in which case edge-on systems (i = 90 • ) are also allowed. Our interpretation of the orbital modulation as obscuration by features in the disc suggests i 60 • (Frank et al. 1987) . Comparing the orbital modulation profile of X9 with other sources whose inclination is known is not straightforward. For many systems, the inclination angle is only an upper or lower limit based on the presence or lack of dips or eclipses in their light curves. There are a handful of examples of sources showing orbital modulations in X-rays, for which better estimates for their inclination angles exist. For Sco X-1, which has an orbital inclination of i ≈ 40 • − 50 • (Steeghs & Casares 2002) , there is evidence for a 1% orbital modulation in the X-ray band (Vanderlinde et al. 2003) , although its physical origin is unclear. 4U 1820-30 has a 685 s orbital modulation with a 1.5% amplitude (Stella et al. 1987) . The inclination of this system is i ≈ 20 • − 50 • (Anderson et al. 1997; Ballantyne & Strohmayer 2004) .
Based on the presence of orbital modulations in the Xray light curve of X9, its inclination is likely to be in the range i 60 • , but could be as low as i ≈ 30 • . These values are compatible with the acceptable spectral fits of Bahramian et al. (2017) in the 1-79 keV band (i < 68 • ) and in the 0.4-79 keV band (i < 66 • ). Bahramian et al. (2017) warn, however, that their estimates of the inclination angle could be inaccurate, since they rely on spectral models which do not take into account the metallicity of the reflecting disc.
Origin of superorbital period
We have recovered the seven-day superorbital period of Bahramian et al. (2017) in the V and I bands, confirming the suggestion of a periodic X-ray modulation (Bahramian et al. 2017) . The three significant periods in X9 (28.2 min, 27.2 min and seven days) are not consistent with being related by a beat relation. Specifically, we have ∆ f ≈ 1.95 cycles per day (between the two short periods), but the long period of seven-days corresponds to 0.14 cycles per day.
Superorbital modulations can occur due to a change in the mass accretion rate, obscuration of the source, or a change in the inclination. These can be induced by precession (nodal -of the inclination of disc plane, or apsidal -of an eccentric disc in a fixed plane), which can have a variety of physical origins.
The semi-amplitude of the superorbital modulations is a factor of 1.9 in the X-rays, whereas in the optical it is only 5%. For reprocessed X-rays, the optical emission should vary as L opt ∝ L β X , where β = 1/2 (van Paradijs & McClintock 1994) . For X9, one would then naively expect a semiamplitude of a factor of ≈ 1.4 in the optical band. Similarly, if the optical emission is dominated by the viscously heated disc, β = 0.17 − 0.5, or if the jet is the the source of emission, β = 0.7 − 1.4, in all cases predicting much larger (by at least a factor of two) superorbital modulations than what is observed. The two ways for a steadily accreting source to have such a large disparity between the modulations of the two bands is if a non-variable optical source dominates the optical emission in X9, or if these modulations are not driven by changes in mass accretion. The former scenario can occur by emission from the donor, or if an additional stellar companion, or another unassociated cluster star dominate the optical luminosity. If that were the case, however, the star would need to be at least as bright as the accretion flow. The spectral energy distribution would then be closer to a white dwarf atmosphere (with absorption lines), and the superorbital modulations would likely be different between the V and I bands (set by the different temperatures of the star and accretion flow). We do not observe any of these three features, so it is unlikely that a stellar object (donor or otherwise) drowns out the superorbital variability from the accretion flow.
Geometric effects such as occultation or changes of projected surface area are more likely to be causing the observed modulations. In the case of viewing angle effects and assuming F X ∝ (cos i) 1/2 (if X-rays are emitted from close to the disc surface), a face-on disc (i = 0) at maximum flux would require an almost edge-on disc (i ≈ 85 • ) at minimum flux. It is therefore difficult to invoke simple oscillations in the projected disc area as an explanation. We therefore find periodic obscuration to be the most likely interpretation for the superorbital period. In that case, the intrinsic bolometric luminosity of X9 needs to be at least as large as the maximum observed bolometric luminosity (L bol 5 × 10 34 erg s −1 ).
If mass transfer is driven solely by gravitational wave radiation, the maximum luminosity allowed by mass transfer to a neutron star or black hole is L bol,NS 2 × 10 35 erg s −1 or L bol,BH 2 × 10 34 erg s −1 , respectively (Section 4.3). The former value is compatible with the estimated bolometric luminosity, but the latter value is a factor of ∼2.5 smaller than required for a black hole. However, the uncertainties associated with calculating the mass accretion rate may be as large as an order of magnitude, so we cannot rule out a black hole.
One explanation for the high measured radio to X-ray luminosity ratio, relative to neutron stars (Miller-Jones et al. 2015; Bahramian et al. 2017) , could be that X9 is an ADC source, which would reduce the observed X-ray luminosity due to obscuration of the inner disc by a bulge in the disc. This shows that if X9 is an ADC source, its intrinsic X-ray (L 1−10 keV ∼ 10 34 erg s −1 ) and radio luminosities would be in line with other neutron stars. Otherwise, a black hole would be the most radio-faint at that X-ray luminosity.
The large difference between the observed superorbital amplitudes in the X-ray and optical bands is either caused by a more variable obscuration fraction in the X-rays, or by a larger absorption cross-section at short wavelengths. Depending on the geometry of the system, different obscuration factors for the X-ray and optical sources can be achieved. If i ≈ 90 • , the obscuration of the optical source (be it the jet or edge of the disc, but not the surface of the disc) varies little as the disc precesses, but how much of the X-ray emission is absorbed depends on the geometry of the outer disc. If i < 80 • , and the optical emission is dominated by emission at the disc surface, only the inner regions of the disc may periodically occult the central X-ray source (otherwise the superorbital modulations would be prominent in the optical band too).
Next, we investigate whether the outer disc can reach the required height to obscure a significant part of the X-ray corona. In the simple case of a thin disc, the height of the disc at the outer edge is given by H ≈ c s P orb /(2π) (Frank et al. 2002) , where c s is the local sound speed, c s = k B T/(µm H ) (k B is Boltzmann's constant, T is the temperature at the outer disc, µ is the mean atomic weight of the accreted gas, and m H is the atomic weight for atomic H). Taking T = 22, 000 K (the estimated upper limit for the donor; Section 4.2) and µ = 7 (for a singly-ionized C/O mixture), we find H ≈ 10 8 cm, or a disc opening angle θ < 1 • . Such a small opening angle cannot produce the observed superorbital modulations. However, energy deposited by the accretion stream on the outer edge of the disc can thicken it (White & Holt 1982) . In typical low-mass X-ray binaries, the opening (semi-)angle of the disc is θ ≈ 12 • (de Jong et al. 1996) , but metal-rich discs can be a factor of ≈2 thinner (keeping all other disc parameters the same; Dunkel et al. 2006) . Coupled with a weak dependence of the aspect ratio on the radius (H/R ∝ R 1/8 ; Frank et al. 2002) , the outer disc in X9 is likely to be on the order of θ ≈ 5 • . The surface layer of the accretion disc is likely to be optically thin, so we take the above value as an upper limit to the height of the optically-thick region. The disc obscures the X-ray corona and inner disc for inclination angles i 85 • .
In view of the broadband modelling (Section 4.4.2) and C iv emission (Section 4.5) results, the X-ray corona can either be obscured by the inner or outer discs in the case of a neutron star (i > 60 • , disc and jet emission), but only by the inner disc in the case of a black hole (i < 30 • , disc emission only).
Next, we investigate the potential mechanisms behind disc precession, which are detailed in Appendix A. We find that the seven-day superorbital period in the X9 system could either be driven by tidal effects, or the Kozai mechanism (in a hierarchical triple system) in the case of a neutron star. In the case of a black hole, we have not found a mechanism that could give rise to the observed superorbital period. We cannot readily find a physical explanation to the short FUV period (27.2 min, in conflict with the 28.2 min X-ray period), which, at just over 2σ significance, could be spurious. The broadband models and the C iv emission cannot be used to distinguish between a neutron star and a black hole. Given the lack of an explanation for the observed superorbital period in the case of a black hole, but the presence of a hard X-ray spectrum (Γ ≈ 1.1), which is more likely to be produced in a black hole system, the nature of the primary remains unsolved.
Formation and evolution
Given that there are already many binary evolution calculations in the literature for neutron star ultra-compact X-ray binaries, but essentially none for ultra-compacts with black hole primaries, we decided to explore at least one simple channel that might produce such a system (illustrated in Figure 11 ).
We evolved a 2.0 M He-star and a 5 M black hole with an initial orbital period of 0.1673 days (4.015 hr). These initial masses were chosen to reflect the likely properties of the components of X9: a C/O white dwarf donor (progenitor of a He-star of mass M < 2.1 M ; Dewi et al. 2002) , and a light black hole; see Section 4.5). Such a He-star may originate from a 5 − 6 M star formed in the globular cluster 10-12 Gyr ago, which subsequently lost its outer layers of H in a stellar collision or mass-transfer episode. For this simulation, we used the BEC binary evolution code, originally developed by Braun (1997) on the basis of a single-star code (Langer 1998) which solves the hydrodynamic structure and evolution equations (Kippenhahn & Weigert 1990 ) using Lagrangian methods. More details about an updated version of this code applied to X-ray binaries can be found in Tauris et al. (2012) , Istrate et al. (2014) and Tauris et al. (2015) .
We assume the binary to be losing orbital angular momentum via gravitational radiation only (no significant magnetic braking is expected to occur because the He-star does not have an outer convective zone; Podsiadlowski et al. 2002) . The binary shrinks its orbit due to gravitational wave radiation until the He-star fills its Roche lobe and initiates mass transfer. For the first 3.1 Myr of the simulation, before Roche-lobe overflow (RLO) starts, the donor is burning He in a convective core. After 3.1 Myr, the C/O core (which is not massive enough to fuse heavier elements) becomes degenerate, and He-burning continues in the radiative shell (Figure 12a ). Due to the subsequent radial expansion of the star, mass transfer is initiated after 3.25 Myr (Case BB RLO; Tauris et al. 2015) , at a rate of M 2 ≈ 10 −6 −10 −5 M yr −1 (Figure 12c) . In this super-Eddington regime, excess material is blown away from the vicinity of the black hole (isotropic re-emission). This rapid mass loss leads to an almost naked C/O core (with a tiny 0.04 M surface layer of He) which will detach after 1.5 × 10 5 yr and produce a C/O white dwarf. The outcome is thus a 1.062 M C/O white dwarf orbiting a 5.016 M black hole with P orb = 0.830 days (19.9 hr). As a result of gravitational wave radiation, this system will become an ultra-compact X-ray binary (i.e. a progenitor to X9) after 9.81 Gyr (less than the age of the cluster, ≈ 11 Gyr; Gratton et al. 2003) , thereby quickly losing the leftover white dwarf surface layer of He. Adjusting the initial orbital period can lead to an ultra-compact X-ray binary after 1-13 Gyr. Hence, we find that an initial binary made up of a black hole and a He-star can lead to the formation of an ultra-compact X-ray binary with a C/O white dwarf donor within the lifetime, or in the recent history of 47 Tuc. This formation path need not necessarily have been followed by X9 (if it is a black hole), and we only suggest it as a possible scenario. It is also possible that any initial binary would exchange energy with surrounding stars/binaries via dynamical interactions in the cluster (Ivanova et al. 2010) , especially in the early stages of its evolution.
Previously, similar simulations of He-star and neutron star binaries leading to the formation of ultra-compact systems have been performed (e.g. van Haaften et al. 2013; Heinke et al. 2013) . In certain cases, these calculations show rapid contraction of the orbit while the He-star is transferring mass and burning He, only switching to orbital expansion at later stages. This is in contrast to our simulation, where the binary undergoes orbital expansion at all stages of the mass transfer (Figure 12b ). This difference is the result of applying different component masses and initial orbital periods. In particular, van Haaften et al. (2013) followed low mass (0.35 − 1.0 M ) He-stars transferring mass to a 1.4 M neutron star and assuming initial orbital periods between 17-48 min. In our simulation, the component masses are 2.0 M and 5.0 M , and the initial orbital period is 96 min. Despite the larger masses, the long orbital period strongly decreases the efficiency of loss of orbital angular momentum from gravitational wave radiation. Also, a more massive He-star evolves much faster, and the initial Figure 11 . Illustration showing the evolutionary sequence of a 2.0 M He-star in orbit with a 5.0 M black hole (BH). The binary loses angular momentum via gravitational wave radiation, leading to case BB mass transfer (after core He is exhausted, before carbon ignition), and eventually to a black hole and C/O white dwarf (WD) binary. The next stage of this system is an ultra-compact X-ray binary (UCXB) resembling X9.
mass ratio in our case is q = 0.4, whereas in the work of van Haaften et al. (2013) the applied mass ratio was often closer to unity. Lastly, our He-star initiates RLO while it is still undergoing He shell burning (hence, a (sub)giant donor star), and thus the evolutionary time-scale during mass transfer is relatively small. All of these effects will cause our system to widen once RLO starts.
We can also consider the plausibility of the black hole scenario in light of the already existing evidence for at least one ultra-compact X-ray binary with a black hole primary observed as a ULX in an extragalactic globular cluster. Although at least some ULXs (L X > 10 39 erg −1 ) host neutron stars (Bachetti et al. 2014; Israel et al. 2017a,b) , the majority of globular cluster ULXs may still host black hole primaries. This is because ULXs powered by accretion on to neutron stars are thought to require high surface magnetic fields (B > 10 11 G; King & Lasota 2016; Ekşi et al. 2015; Tsygankov et al. 2016 ). In globular clusters, however, pul- sars typically have much weaker magnetic fields (B ≈ 10 9 G), with only four out of >140 known globular cluster pulsars reaching B ≈ 10 11 − 10 12 G (Boyles et al. 2011) .
The best candidate for a black hole with a white dwarf donor in a ULX is XMMU J122939.7+075333 , associated with the globular cluster RZ 2109 in the Virgo galaxy NGC 4472 (Rhode & Zepf 2001) . It has an X-ray luminosity of about 5 × 10 39 erg s −1 and shows clear evidence for strong forbidden oxygen emission lines, with stringent upper limits for H or He emission lines (Zepf et al. , 2008 Steele et al. 2014) . The lack of any other globular cluster in NGC 4472 with similar emission lines (Peacock et al. 2012 ) strongly argues against anisotropic emission being responsible for the brightness of the source, since the emission from the forbidden lines should be isotropic. Another system, CXOU J1229410+075744, in the same galaxy, shows variability of a factor of four with a peak luminosity of about 2 × 10 39 erg s −1 , but is persistent over a time-scale of more than a decade (Maccarone et al. 2011 ). This persistently bright emission could be explained through either a long period binary with a highly evolved donor (e.g., Truss & Done 2006) , or an ultra-compact binary. Another candidate is CXOKMZ J033831.7-353058 in NGC 1399 in the Fornax cluster (Shih et al. 2010) .
It is not straightforward to determine the number of globular clusters observed by Chandra in which one could have established the presence of a source which varies by significantly more than the Eddington luminosity of a neutron star. However, simply by adding the numbers of clusters detected by HST in the Virgo and Fornax cluster surveys, we are likely to incur uncertainties no larger than the uncertainties that come from basing our population statistics on the mere presence of XMMU J122939.7+075333. In the Virgo cluster, there are about 13,000 globular clusters in HST data (Jordán et al. 2009) , and in the Fornax cluster survey, there are about 9,000 (Jordán et al. 2015) . To be clear, there are other galaxies which have been well observed by Chandra for which there are catalogues of globular clusters from either HST or ground-based data; and there are, as well, wider-field ground-based data for globular clusters in Virgo. On the other hand, many of the smaller Virgo Cluster galaxies have X-ray data only from the AMUSE project (Gallo et al. 2008) . It is reasonable to estimate that about 20,000 clusters have been well-enough observed by Chandra to allow for the identification of strong ultra-compact black hole candidates, and that ∼1 of them has been discovered. Thus, we can estimate that at least 10 −5 of clusters contain bright ultra-compact black hole X-ray binaries, and use this number to determine whether it is plausible to find a much fainter one in the Milky Way's globular cluster system. Next, we look at the evolutionary time-scales of ultracompact black hole X-ray binaries (van Haaften et al. 2012 ). If we take XMMU J122939.7+075333 to have an orbital period of about 5 minutes, as would be expected given its X-ray luminosity, its lifetime should be just under 10 5 years. For a source with an orbital period of half an hour, the expected characteristic age is just under 10 8 years. There should, thus, be ≈ 1000 black hole X-ray binaries at an orbital period of half an hour for every one at an orbital period of 5 minutes. In turn, assuming the 10 −5 fraction from above, and the number of globular clusters in the Milky Way (> 100; Harris 1996) we expect ∼1 Milky Way cluster to have a black hole X-ray binary at an orbital period of less than half an hour. It is thus reasonable that we have seen such an object. Furthermore, assuming that these systems formed mostly relatively early in the lifetimes of the clusters (∼ 10 10 years), we may expect ∼ 100 times as many ultra-compact black hole X-ray binaries at any orbital period (i.e. of order one per cluster, but with a higher concentration expected in the clusters with higher stellar interaction rates). Similarly, Ivanova et al. (2017) estimate globular clusters should contain about one faint black hole -white dwarf binary per 10 5 M . These additional systems should be at longer periods, be considerably fainter, and exhibit transient outbursts. In quiescence, some of them could be nearly indistinguishable from cataclysmic variables, except in observations using radio emission or optical/UV spectroscopy, and they may easily be among the sources classified as quiescent dwarf novae in existing Chandra work. However, the majority of these old, longer-period (∼2 h) systems might be too faint to be detectable.
CONCLUSIONS
We acquired a broadband optical (3,000-10,000Å) spectrum of X9, finding a blue continuum with no identifiable emission (or absorption) lines. In particular, we place a 3σ upper limit on the H α line in emission of −EW < 14Å. This limit is below that of H-rich X-ray binaries observed at similar X-ray luminosities (L 2−10 keV = 10 33 − 10 34 erg s −1 ), which typically have −EW H α ∼ 50Å. This result strengthens the evidence for a C/O white dwarf donor as identified by Bahramian et al. (2017) .
Performing a timing analysis on archival photometric V and I-band data, we find the most significant period is P ≈ 7 days, consistent with the superorbital period suggested by Bahramian et al. (2017) based on X-ray data. In these bands there is no evidence for any signal at the orbital period. Timing analysis of archival FUV data returns one marginally significant period (at less than 3σ significance): 27.2 min. This value is close to, but not equal to the 28.2 min orbital period identified by Bahramian et al. (2017) (who estimated a significance of > 5σ for this period).
The superorbital modulations are weak in the optical bands (5% semi-amplitude), and strong in the X-ray band (factor of 3 semi-amplitude), suggesting the occultation of an extended X-ray corona is probably driving this variability. If this interpretation is correct, the intrinsic luminosity of X9 could be stable at a level of L 2−10 keV = 10 34 − 10 35 erg s −1 . In this case, its radio luminosity makes a neutron star a more likely interpretation. Otherwise, it would be the radiofaintest known black hole at this X-ray luminosity. The C iv doublet and the broadband spectrum indicate that if X9 is a neutron star, it is observed at a high inclination (i > 60 • ) and the optical emission is dominated by the jet and disc. For a black hole, the emission would be dominated by reprocessing of X-rays by the disc, and is seen at a low inclination (i < 30 • ). While the seven-day superorbital modulation can be explained by the precession of the disc due to tidal torques exerted by the companion star to a neutron star, we cannot find a way to produce the same modulation for a black hole. The estimate for the inclination angle based on the presence of orbital modulations in the X-ray band (i 60 • , favouring a neutron star) is slightly at odds with the estimation based on the X-ray spectrum (i 45 • to i 68 • depending on the model, favouring a black hole). The hardness of the Xray spectrum is easier to explain in the context of a black hole. Presently, not all the observables of X9 can easily be explained by either a neutron star or black hole.
While we know of neutron star ultra-compact systems and theoretical pathways to produce such objects, the latter pathways have not been proposed for black hole ultracompacts. We therefore performed binary evolution calculations of a 2.0 M He-star and a 5.0 M black hole binary, to show that if X9 does host a black hole, such a system could indeed be produced in a globular cluster. We note that while this work was under review, Church et al. (2017) found that based on hydrodynamic simulations, C/O white dwarf donors in globular clusters can form X-ray binaries with stable mass transfer only if their primaries are black holes.
The easiest way to confirm the nature of this system would be if it went into a bright outburst; pulsations or thermonuclear bursts would then verify a neutron star nature. Otherwise, phase-resolved FUV spectroscopy, through the C iv or Mg ii lines, might be used to solve the system parameters if they arise from the heated face of the donor. Unfortunately, the Bowen fluorescence lines (driven by He ii emission) typically used for this purpose will not be produced in a C/O donor. Another way to confirm the parameters of X9 might be the detection of its gravitational waves. The strain amplitude for a binary with a circular orbit is given by (Nelemans et al. 2004b ):
where
is the chirp mass of the system. For
At the gravitational wave frequency ν GW = 1.2 × 10 −3 Hz (twice the orbital frequency), X9 will not be detectable to the gravitational wave detector LISA even if it hosts a black hole, as it falls below the Galactic foreground noise from double white dwarf (Nelemans et al. 2004b ).
APPENDIX A: POTENTIAL MECHANISMS BEHIND THE SUPERORBITAL MODULATION A1 Superhumps
In cataclysmic variables, the accretion disc is often tidally unstable, becoming eccentric and precessing. The periodically variable tidal dissipation in the outer parts of the disc gives rise to light curve modulations known as superhumps, which have time-scales slightly longer (by a few percent) than the orbital period (Whitehurst 1988; Hirose & Osaki 1990 ). Similar to cataclysmic variable systems, the 28.2 min period could be related to the superhump mechanism (as already noted by Bahramian et al. 2017) , and the 27.2 min period could be the orbital period. Superhumps have also been proposed for a number of X-ray binaries like 4U 1820-30 (Wang & Chakrabarty 2010 ) and XB 1916 -053 (Retter et al. 2002 , both ultra-compacts. Calculating the period excess as is typically done for superhumps, = (P sh −P o )/P o , we obtain ≈ 0.04. Taking the calibration of Patterson et al. (2005) for superhumps in cataclysmic variables, = 0.18q + 0.29q 2 , we estimate q = 0.17 for X9 (if the same relationship holds for all mass ratios in X-ray binaries), which is much larger than the expected q < 0.01. If the donor mass is M 2 ≈ 0.02 M , q = 0.17 gives M 1 ≈ 0.1 M , much lower than expected for a neutron star. Instead, the orbital period could be longer than the superhump period (negative superhumps). In this case, observations (Retter et al. 2002; Olech et al. 2009 ) and simulations (Wood et al. 2009) show that for very small q values (q 0.1), the negative and positive superhumps should have similar values. We therefore rule out the 27.2 min signal as a classical superhump.
Superhumps typically seen in cataclysmic variables are due to the 3:1 resonance (for each orbit of the secondary, the material in the disc orbits three times), and are encountered in systems with mass ratio q 0.25. For more extreme mass ratios (q 0.025), the 2:1 resonance can be reached, because the disc can be larger (as a fraction of the orbital separation; Whitehurst & King 1991) .
In quiescent systems with mass ratios q 0.25, accretion discs are thought to extend up to the 3:1 resonance radius (Hirose & Osaki 1990 ). During outbursts, however, the outer disc can expand to reach the tidal truncation radius (Paczynski 1977; Papaloizou & Pringle 1977; Whitehurst 1988) . In addition, the discs of systems with extreme mass ratios (q 0.01) in quiescence are likely to occupy a large fraction of the Roche lobe (extending beyond the 2:1 resonance radius), while still being constrained by it (Priedhorsky van Haaften et al. 2012 ).
In X9, for a donor mass M 2 = 0.010 − 0.016 M , the value P long /P orb = 357 requires M 1 = 1.8 − 2.8 M if the long period is caused by precession of the 2:1 resonance radius (Pearson 2003) . The beat (long) period between the superhump and orbital periods is not usually observed in cataclysmic variables. The large amplitude of the long-period modulation in X-rays is therefore surprising, but could arise in some circumstances. For example, an elliptical disc with a given aspect ratio H/R will reach maximum thickness at its apoapsis, and minimum thickness at periapsis (White & Holt 1982; Osaki 1985) . If the X-ray emitting corona is of similar size to the maximum disc thickness, the fraction occulted by the edge of the disc will vary sinusoidally on the precession period.
A2 Other tidal effects
To check if the superorbital modulation could be caused by nodal precession from tidal forces, we use the relationship of Larwood (1998, Equation 5 ), between the ratio of orbital to precession periods, and system parameters:
where P long is the precession period, β is the disc size as a fraction of the primary's Roche lobe, δ is the tilt between the planes of the disc and the orbit. The minimum precession period occurs when the inner and outer disc are aligned (δ = 0), for the maximum mass ratio (q = 0.016/1.4). We find that for P = 28.2 min and β = 0.9 (van Haaften et al. 2012), the minimum nodal precession period is P long 7.8 d, only slightly larger than the measured 7 d period. This suggests that tidal precession could be the source of the superorbital modulation if the primary is a neutron star (similar to the 2:1 superhump interpretation above). The requirement of a small misalignment angle, and the large amplitude of this modulation, suggest a nearly edge-on view of the system, as suggested also by the C iv doublet in the case of a neutron star. Wijers & Pringle (1999) provide descriptions for forced precession (by tidal forces from the donor star) and for radiatively-driven precession. Their conclusion is that the superorbital periods observed in X-ray binaries can be explained by radiatively driven precession (with a factor of 2 scatter between the predicted and observed periods, owing to unknowns in system parameters). In the case of X9, however, the low mass ratio (q < 0.02) and low X-ray luminosity (relative to persistent and soft states) suggest tidal disc precession is more likely (Ogilvie & Dubus 2001; Kotze & Charles 2012) . As described by Ogilvie & Dubus (2001) , radiation-driven warping can only be important in soft Xray transients during outbursts. Using the formulations of Wijers & Pringle (1999) , the period associated with forced tidal precession respectively is given by: 
where M 1.4 is the primary mass in units of 1.4 M , and R 11 is the disc radius in units of 10 11 cm. We find P long ≈ 190 days for a black hole and P tidal = 40 days for a neutron star.
Summarizing, we find the tidal precession model of Larwood (1998) may be able to explain the superorbital period in X9 for an edge-on neutron star.
A3 Lense-Thirring precession
In the vicinity of neutron stars and black holes, accretion discs experience general relativistic frame-dragging effects. In particular, the Lense-Thirring effect (Lense & Thirring 1918 ) is the nodal precession of an accretion disc due to the spin of the accreting object. When the orbital plane of an X-ray binary is tilted with respect to the spin axis of an accreting compact object (as would be expected in a dynamically-formed system), the accretion disc can warp, so that the outer disc lies in the orbital plane, but the inner disc is aligned with the spin axis of the compact object (Bardeen & Petterson 1975) . When this occurs, the Lense-Thirring precession of the inner disc may be observed through modulations in the X-ray light curve of the binary.
For a disc that precesses like a solid body, the LenseThirring precession is given by Fragile et al. (2007, their Equation 43 ). For constant surface density, and R out R in : 
where in this case a is the dimensionless spin of the black hole, r out and r in are the outer and inner disc radii in units of gravitational radii. Taking a slow-spinning a = 0.1, 8 M black hole, and r in = 500 r g , Equation A3 requires r out ≈ 1600 r g for the precession period to match the observed P long = 7 days. The transition between the the inner, precessing disc, and outer disc (the Bardeen-Petterson radius) could occur at a radius of up to a few hundred gravitational radii (Bardeen & Petterson 1975; Nelson & Papaloizou 2000; Fragile et al. 2001) . We find, however, that the precessing disc in our test case needs to extend beyond 10 3 r g , where the misalignment between the disc plane and the orbital plane is likely to be very small (a few degrees), regardless of the spin axis of the black hole. Other warping mechanisms or a neutron star are equally unlikely to provide a larger tilt; low-mass X-ray binaries are only prone to radiation warping during outbursts (Ogilvie & Dubus 2001) . For the X-ray superorbital period to have the large amplitude that is observed, the disc would need to be seen nearly edge-on. As discussed in Section 4.5, however, the double-peak separation of the C iv doublet is incompatible with a black hole system seen edge-on.
A4 Hierarchical triple
A hierarchical triple system can drive the eccentricity and inclination of the inner binary to oscillate via the Kozai mechanism (Kozai 1962 ). This mechanism is thought to be the main channel for creating black hole -white dwarf binaries in globular clusters (Ivanova et al. 2010 ) and can explain the superorbital modulations of some ultra-compact X-ray binaries (Zdziarski et al. 2007; Maccarone et al. 2010 ). The Kozai mechanism could explain the difference between the short optical and X-ray periods, and the superorbital modulation.
In the core of 47 Tuc (σ = 11 km s −1 ), double neutron star binaries with semi-major axes smaller than ≈ 20 A.U. (P orb < 50 years; angular separation < 0.01 ) are stable against dynamical disruption by neighbouring cluster stars (Hills 1984) , but are susceptible to eccentricities from fly-by encounters. Low mass main-sequence stars are less likely as a third body because they require shorter periods, making the triple less stable. The maximum mass for a main-sequence star that can fit in within the broadband spectrum of X9 is M 3 ≈ 0.5 M , but the third companion could instead be a heavy white dwarf or a neutron star. This scenario is not unlikely; Giersz & Heggie (2011) find that half of the mass in the core of 47 Tuc is likely to be made up of white dwarfs. According to the globular cluster simulations of Ivanova (2008, see their Table 1 ), the fractions of hierarchical triples with main sequence stars and white dwarfs as outer companions are 79% and 20% respectively. Theoretically, ≈5% of all binaries in the core of a globular cluster as dense as 47 Tuc are expected to form stable hierarchical triples in one Gyr (Ivanova 2008) . For XB 1916-053, such a system was invoked to explain a 1% difference between the optical and X-ray periods (50 min) seen in conjunction with a 199 day superorbital period 2 (Grindlay et al. 1988; Chou et al. 2001) . In that case, the beat between the optical and X-ray periods is the period of the outer companion. In the case of X9, the outer companion would have a period of P 3 ≈ 13 hours (the beat between the optical 27.2 min and X-ray 28.2 min). For M 2 M 1 , and a nearly circular inner orbit, the Kozai period is approximately P long ≈ P 2 3 (M 1 +M 3 )M −1 3 P −1 1 (Mazeh & Shaham 1979; Ford et al. 2000) . For P 1 = 28.2 min and P 3 = 13 hours, we obtain a lower limit for the Kozai period of P long 15 days (for M 3 M 1 ), in contrast to the found period of P long ≈ 7 days. This argues against the Kozai mechanism as the source of period excess between the optical and X-ray periods, and of the superorbital period. Disregarding the short FUV period (which has low significance), the Kozai mechanism can still explain the superorbital period as a variation of the inclination angle of the inner binary (and thus of the disc). Again, this scenario requires an edge-on view of the system, making a neutron star more likely. This paper has been typeset from a T E X/L A T E X file prepared by the author.
